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ABSTRACT
Precise positioning, navigation, and timing requirements are driving a need for increasingly accurate spacecraft timing
systems. This paper describes an experiment being developed at the University of Colorado Boulder to quantify
the stability and behavior of a chip-scale atomic clock (CSAC) onboard an Air Force Research Laboratory (AFRL)
University Nanosatellite Program (UNP-9) MAXWELL CubeSat mission. The CSAC experiment will run onboard
MAXWELL, enabling the GPS receiver measurements to occur using the unsteered CSAC as an external clock. The
experiment will record and downlink the position, clock bias, pseudorange, phase, and temperature. These data will
allow us to characterize the on-orbit performance of the CSAC.
I. INTRODUCTION

One-way ranging dramatically reduces ground support requirements by eliminating the dependency on the ground
station to make the navigation measurements, especially
in applications like servicing groups of small satellites on
a lunar mission.

early all Earth-orbiting satellites rely on the Global
Positioning System (GPS), or more generally the
N
Global Navigation Satellite Systems (GNSS), for onboard positioning and timing. Spacecraft traveling beyond
Earth’s orbit to the Moon, Mars, or beyond, largely depend
on two-way ranging using the Deep Space Network (DSN)
to determine their positions and trajectories [1]. When
using GPS measurements, the onboard clock error can be
estimated along with the satellite position. In the DSN
two-way ranging, a signal is transmitted from the ground
station to the satellite, which then returns the signal to
the ground station. In this process, all the navigation
measurements are performed on the ground to eliminate
tracking errors introduced by satellite clock inaccuracy
[1], implying that no onboard timing is needed at all. This
means that neither approach requires accurate clocks to
be carried onboard the spacecraft. While this has been
an attractive feature of the two systems, it turns out that
the availability of a stable low size, weight, and power,
clock onboard a spacecraft offers substantial benefits in
increased autonomy, and reduced ground support needs.

Figure 1:

The Colorado Nanosat Atomic Clock Testbed (CONTACT)
graduate project team at the University of Colorado Boulder is developing an experiment to fly a Microchip (formerly Microsemi) CSAC (Fig. 1) onboard MAXWELL
to quantify its performance on a representative CubeSat
platform. During this experiment, the onboard NovAtel
OEM729 GPS receiver calculations are performed using
this CSAC as an external reference input. The CSAC
experiment is conducted for a minimum of five days,
recording position, clock bias, pseudorange, phase, and
temperature. These receiver measurements are directly
affected by the external oscillator and can be analyzed to
characterize the clock’s performance.

Chip-scale atomic clocks (CSACs) were first developed
by the Defence Advanced Research Projects Agency
(DARPA) with the goal of miniaturization and lower
power consumption in accurate clocks [2]. After the first
design, several commercial manufacturers produced space
rated CSACs. While not required for nominal GPS operations, the stability of such clocks would allow a satellite
orbit solution to coast through periods of interference
or signal blockage and to potentially identify false or
spoofed signals. CSACs may also prove useful in enabling
one-way rather than two-way DSN tracking, where all
the calculations are performed onboard the satellite [3].
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Chip-Scale Atomic Clock [4].

The experiment will provide a learning platform for the
performance and accuracy of these clocks in a space
environment. The data gathered via this experiment will
be an important resource for the characterization and use
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Figure 2:

MAXWELL Mission Concept of Operations [5].
II. MAXWELL MISSION DESCRIPTION

of these clocks in design of navigation solution needs for
future missions.

MAXWELL (Multiple Access X-band Wave Experiment
Located in LEO) is an Air Force Research Laboratory
(AFRL) University Nanosatellite Program (UNP-9) 6U
CubeSat, whose primary mission objective is to demonstrate advanced RF communications technology for Xband downlink and S-band uplink on a CubeSat platform
[5]. The MAXWELL mission is preparing for a flight
build and is expected to launch as early as February 2021.
The timeline of the mission concept of operations is shown
in Fig. 2, and the mission objectives are shown in Table 1.

The paper describes the hardware and software components, the experimental plans, and the ground testing
performed in the preparation for the CSAC experiment.
Section II describes the satellite mission that will host the
CSAC experiment and Section III defines the CSAC experiment design in depth. Section IV describes the ground
testing, which will include basic operations testing with a
rooftop antenna, quantifying the temperature vs frequency
performance, low Earth orbit (LEO) radio frequency (RF)
simulator tests and several software and hardware interface
tests with the MAXWELL CubeSat system. A prediction model for the performance of MAXWELL’s GPS is
included in Section V.

Table 1:

MAXWELL’s mission comprises six phases, starting with
the release from the launch vehicle, detumble and first
contact. This is followed by commissioning, where the
solar panels are deployed and the spacecraft nominal performance is verified. The communication demonstrations

MAXWELL Mission Objectives [5].

Mission Objective

Maximum Success Criteria Description

MO-1
MO-2
MO-3
MO-4
MO-5
MO-6

Downlink 450MB of data at 30Mbps during one pass at X-band.
Uplink 3MB of data during one pass at 200kbps at S-band.
Downlink 15MB CDMA data at 1Mbps in the presence of other narrow band signals in the same frequency.
Uplink 300kB CDMA data at 20kbps while receiving other narrow band signals in the same frequency.
Characterize the Allan Variance of the Chip Scale Atomic Clock on orbit.
Characterize the antenna gain pattern of the MMA T-DaHGR antenna on orbit.
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phase satisfies MAXWELL mission objectives: MO-1,
MO-2, MO-3 and MO-4, to demonstrate X-band downlink, S-band uplink and Code Division Multiple Access
(CDMA) communications. Once these demonstrations
are complete, the CSAC experiment is performed (MO5). The next phase of the mission is to demonstrate the
T-DaGHR antenna (designed by MMA Design LLC.) deployment and gain pattern characterization (MO-6). This
phase is followed by the deorbit and end-of-mission [5].

The hardware and software interfaces for the CSAC experiment are shown in Fig. 4. With the CSAC connected
to its external reference clock input, commands to the
GPS receiver allow it to measure the bias and drift of this
clock. The measurements can then be logged via a UART
serial connection to the ADCS. The relevant experiment
data from the GPS receiver is extracted by the ADCS
and moves through the UART channels, from ADCS to
Command and Data Handling (CDH) and is downlinked
via the UHF radio link at the rate of 9600 bps. The UHF
antenna is toroidal, which permits the downlink to happen
without a necessity to point towards the ground station
during the experiment. Physically, the CSAC is mounted
on the Payload Computer (PLDC) board and the GPS
receiver is mounted on the ADCS board. The reference
clock signal from the CSAC is connected to the GPS.

MAXWELL’s orbit will be determined by the release
from the launch vehicle. The acceptable MAXWELL
orbit range is an inclination greater than 40◦ with an
altitude between 500km and 600km [5]. The satellite’s
Attitude Determination and Control System (ADCS) is
designed to support three attitude control modes driven
by the pointing of the solar panels, the X-band downlink
antenna, and the MMA T-DaHGR antenna. The solar
panels, X-band antenna, and the GPS antenna are all
mounted on a single face as shown in Fig. 3. The MMA
T-DaHGR antenna is on the opposite face. MAXWELL’s
primary orientation is a Sun-pointing mode, designed to
provide maximum power, where the solar panel spacecraft
face points at the Sun. The X-band downlink mode is the
second controlled attitude mode, where the panel-X-bandGPS face points towards the ground, slewing to point the
X-band antenna at the target ground station. Similarly, in
the third controlled mode, the MMA face points towards
the ground, also slewing to track the ground station. The
satellite attitude coasts uncontrolled when it cannot see
the Sun (eclipse) [5].

III. CSAC EXPERIMENT OVERVIEW
The GPS is a constellation of 32 satellites that provides
worldwide coverage. These satellites transmit their position, onboard clock data and ranging signals [6]. GPS
receivers, like the NovAtel OEM 729, intercept these
signals from all visible GPS satellites and implement
a multilateration solution [6] to determine the receiver
location and clock bias.
One of the benefits of these solutions is that the receiver
clocks can be steered to account for this bias. However,
solving for the position and bias solutions without correcting (steering) the clock can characterize the clock
errors and their behavior over time. In all MAXWELL
mission phases leading up to the CSAC experiment, the
GPS receiver uses a steered internal oscillator to support
the onboard calculations. Once MAXWELL enters the
CSAC experiment phase, the receiver switches to using
the unsteered CSAC as an external clock to perform all
receiver calculations.
The ADCS retrieves the position, clock bias, bias rate,
pseudorange, and phase information from the GPS receiver, and retrieves the temperature information from the
CSAC. The clock bias and bias rate provide the onboard
solutions for the CSAC deviations from the GPS time
(true time). Raw pseudorange and phase data provide an
opportunity for improved accuracy in the bias estimation.
The recorded temperature will allow us to establish the
relationship between temperature variations and clock
performance. These data are sent to the Boulder ground
station via the UHF radio link.

Figure 3:
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A data collection limit is imposed by the amount of time
MAXWELL can downlink the experimental data before
moving on to the T-DaGHR deployment phase. A small
amount of the CSAC experiment data (a few hours) is

MAXWELL Model [5].
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Figure 4:

MAXWELL Block Diagram (Yellow Highlights the CSAC Experiment Components) [5].

collected at 1 Hz to allow clock bias observations at
smaller time intervals. The majority of the experimental
data volume is collected at a slower rate (0.2 Hz) over
a longer time frame (a few days), to see the longer term
variations in the clock bias solutions. By balancing the rate
and timeline of these data collections, the data downlink
stays within the spacecraft means.

Carrier-to-Noise Ratio (C/N), Doppler and several other
useful parameters. The software also hosts a console to
communicate with the receiver via command line. Commands can be tested using this interface, including time,
position, bias and range inquiries. Table 2 shows the
NovAtel logs [8] essential to the CSAC experiment and
the corresponding data provided by these logs.
Table 2:

IV. GROUND TESTING AND SPACE READINESS
Extensive ground testing is performed for all equipment to
ensure a successful flight experiment. This section details
all the testing performed so far and the remaining testing
planned before launch.
A. GPS Receiver Operational Testing
Initial tests using a GPS receiver to measure clock behavior
were performed in the University of Colorado Boulder’s
COMPASS lab with a dual frequency NovAtel OEM729
development board connected to a rooftop mounted GPS
antenna. The NovAtel Connect software [7] was used
to command the receiver and to log measurements and
solutions. The user interface of this software is shown in
Fig. 5.

NovAtel Log

Data Collected

BESTXYZ
CLOCKMODEL
RANGE
TIME

Position in XYZ coordinates
Clock bias and bias rate
Pseudorange and Phase
Current Time

A sample response of a ’BESTXYZ’ position query can
be seen in Fig. 6. This command line testing was essential
to the MAXWELL flight code implementation of these
receiver communication capabilities.
After establishing the console functionality, we ran separate GPS tests with the receiver’s internal clock, a Rubidium lab reference (PRS10 [9]), and a CSAC (via a
development board) as reference clocks. In each test the
receiver-clock setup ran freely without clock steering for

The software’s user interface provides the position solution, azimuth-elevation plots, visibility information,
Khatri
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Experiment [8], [4].
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Figure 5:

Figure 6:

NovAtel Connect Software User Interface Screen [7].

GPS Receiver Response to a Position
Query.

18 to 24 hours. The clock steering by the receiver was
turned off to ensure that the clock behavior can be seen in
the receiver calculations. To properly filter the clock bias
data in its onboard solution, the NovAtel receiver allows
the user to specify the noise parameters for the reference
clock. We used default values for the internal clock and input the parameters in Table 3 for the Rubidium [8] and the
CSAC [4]. To see the impact of these parameter settings,
we also ran a Rubidium reference with the parameters set
to the CSAC values. Fig. 7 shows the Allan Deviation
(ADEV) [10] results of the bias calculations from each
test.
Table 3:

Khatri

Noise Parameters for Reference Clocks [8].

Clock Type

h0

h−1

h−2

Rubidium
CSAC

1.0e-23
7.2e-21

1.0e-22
2.6e-23

1.3e-26
2.7e-27

Figure 7: ADEV Plot for Unsteered Internal
Oscillator, CSAC and Rubidium.
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As can be observed, the unsteered internal oscillator acts
as the least stable clock, appearing highest among the
deviations. The internal oscillator bias deviation generally
increases over time. This is followed in stability by the
CSAC, with lower deviations on the plot. Multiple CSACreceiver runs show that CSAC ADEV first decreases from
1e-10 at 1 second to 5e-12 at 1000 seconds, then increases
for longer time intervals. The Rubidium appears most
stable on the plot, with a data set recorded using Rubidium
parameters in the NovAtel settings, and a second set
recorded using the CSAC parameters with the Rubidium
clock. The Rubidium shows similar behavior to the CSAC,
where the Rubidium ADEV decreases from 7e-11 at 1
second to 6e-13 at 20,000 seconds.

MAXWELL, by acting as a tested and verified reference.

The overlap of the Rubidium data using the different parameters proves that the NovAtel receiver successfully
filters the bias information and characterizes the external
clocks. The accuracy order is consistent with the information from the respective manufacturers. The manufacturer
specifications for the CSAC can be seen on the plot. It
shows that the experimental data collected in the tests is
better than the specifications. These tests show that the
use of this NovAtel receiver is appropriate for the CSAC
experiment.

Figure 8:

Revised CSAC Breakout Board.

B. CSAC Breakout Board
One of the key elements of preparing for the CSAC experiment is developing and testing the hardware interfaces
on MAXWELL. To facilitate the development of the
MAXWELL CSAC-PLDC hardware interface, a breakout
board was designed by using the circuitry on the Microchip
CSAC development board [4] as reference.

Figure 9:

C. MAXWELL ADCS-GPS Interface Testing
Developing and testing the interface between the GPS
receiver and the MAXWELL ADCS is crucial to the
ADCS operations and the CSAC experiment. Fig. 4 shows
a block diagram of where the CSAC and GPS receiver
fit into the MAXWELL system. The MAXWELL team
was able to fabricate an ADCS board that hosts the GPS
receiver unit. The MAXWELL cardstack, with the ADCS
and GPS receiver is shown in Fig. 10.

The CSAC breakout board circuit generates two identical
outputs by transforming the CSAC’s triangular wave to
two square waves that are compatible with the NovAtel
GPS receiver. The primary purpose of the second output
is to develop a test point, where one output is driven for use
with the receiver, whereas the other output is connected to
an oscilloscope for output verification. This circuit also
provides voltage spike protection and power regulation to
the CSAC.

The successful hardware mounting was followed by establishing the UART communication between the ADCS
and the GPS receiver, by observing the communication
over serial channels. The ADCS-GPS setup is tested by
using the ADCS to request information from the receiver’s
communications port using commands from the NovAtel
documentation [8]. The ADCS inquiry was successfully
seen on the serial channel, followed by the expected response from the GPS receiver. This establishment of
the communication ensures that the flight software is
capable of getting the information that will be required
for the CSAC experiment and the nominal MAXWELL
operations.

The breakout board with the CSAC is shown in Fig. 8.
An oscilloscope was used to observe the 10 MHz output
of the CSAC through this breakout board. Using a 3.3V
input to the CSAC and a 5V input into the breakout board
circuit, the oscilloscope showed two outputs of about 2.5
V each at 10 MHz (Fig. 9). The scope image includes an
offset to show the two distinct outputs. This successful
testing confirms the functionality of the circuit and will
directly support the PLDC design to host the CSAC on

Khatri
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Figure 10:

MAXWELL Cardstack Setup with the
NovAtel GPS.

Figure 11:

Temperature Profile with Dwells.

provide the CSAC temperature and the receiver calculations, which will be essential in developing a relationship
between the temperature and CSAC performance. This
relationship will provide a good baseline for data that
should be expected from the CSAC experiment on orbit.

Apart from the GPS integration with the ADCS and the
CSAC integration with the PLDC, there is still a need for
testing the combined avionics stack. This is to ensure that
the data flow occurs as expected via the UART channel
paths described in Fig. 4 in Section II.

E. RF Simulator Testing
D. Thermal Testing
An RF signal generator simulates a LEO environment by
providing the expected GPS satellite signals that would be
seen on-orbit. Therefore, testing the GPS receiver with an
RF simulator can help us test the space functionality of the
receiver. It gives us an opportunity to enable and test the
high-speed and high-altitude operations of the receiver,
which cannot otherwise be tested using a ground antenna.
Collecting the CSAC experiment data in these conditions
verifies the receiver’s on-orbit functionality and provides
baseline data expectations from the on-orbit experiment.

An essential part of the CSAC experiment includes establishing a relationship between the operational temperature
and the clock performance. To understand the temperature driven CSAC behavior in space it is important to
test this temperature relationship on ground. MAXWELL
acquired a thermal chamber, which will be used to perform
the CSAC thermal testing.
A key component in performing this testing is developing
a temperature profile over which the GPS receiver-CSAC
hardware will be tested. Since MAXWELL is in a LEO
with a period of about 90 minutes, an initial test profile
was generated with linearly changing temperature. To
allow for understanding of the behavior at temperature
extremes, dwells were added at 0◦ C and 40◦ C. A plot of
this profile can be seen in Fig. 11. Although this linearly
changing profile provides a good first step, it is not a
perfect representation of temperature profiles expected
in LEO. This is because the day and eclipse phases of
the satellite will not be changing in a linear manner, and
will depend on the orbit specifics, perturbations, drift in
orbit over time and several other factors. In the next few
months, we will seek to acquire temperature data from
actual LEO satellites and use it to drive a more realistic
profile for testing the hardware.

Separate simulated LEO environment tests will be performed using the internal oscillator, the CSAC and the
Rubidium as external reference clocks, recording the
CSAC experiment data. The data collected from these
tests will then be compared with the experimental data
recorded using the rooftop antenna (Subsection IV.A).
V. SIMULATION OF ON-ORBIT
PERFORMANCE
Predicting the behavior of the GPS receiver onboard
MAXWELL is important to understand the expected
orbital data and determine the acceptable pointing and
placement of the GPS antenna onboard MAXWELL.
A simulation of the orbital geometry set up in AGI’s
Systems Tool Kit (STK) acts as an additional tool to assess
the expected GPS-based clock measurement performance

Once the test profile is set up, the GPS receiver and the
CSAC will be tested in the thermal chamber. This test will
Khatri
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on-orbit. The accuracy of GPS estimates depends strongly
on the number of GPS satellites tracked by the receiver
and the viewing geometry, which can be captured to first
order by the Dilution of Precision (DOP) value. The
DOPs are parameters that provide simple characterization
of the GPS satellite geometry. Lower DOP values mean a
more favorable geometry to get a position and clock fix
[6]. The Time DOP (TDOP) is a parameter to specifically
characterize the receiver clock, based on the GPS satellite
geometry. This section defines the STK simulation setup,
results and analysis of the collected information.

simulation, the GPS constellation can be assigned to the
simulated MAXWELL satellite to perform a coverage
analysis, using the STK Coverage Tool. This tool uses the
satellite orbit information, along with the attitude and GPS
antenna Field of View (FOV), to solve for the visible GPS
satellites. The tool provides us with DOP information
based on these geometric calculations.
It is crucial to point the GPS antenna in a manner that
allows good position and clock solutions. The scenario
was run multiple times, using different pointing configurations and different FOVs, to determine the effect of GPS
antenna pointing.

A. STK Simulation Setup
Based on the acceptable orbit range for MAXWELL [5],
the simulation models a LEO satellite at a 500 km altitude,
with an inclination of 40 degrees. The right ascension
of ascending node (RAAN) and argument of periapsis
(AOP) for the satellite are assumed to be zero for complete
orbit definition. An STK “sensor” object is used to
simulate a directional GPS antenna onboard the simulated
satellite. The antenna directionality is set up using a
cone with a defined half-angle, which can be changed
to observe the differences in performance. The modeled
satellite’s attitude is constrained such that the surface with
the GPS antenna can be set to Sun-pointing or zenithpointing, to allow for a comparison. The ground passes
and the coasting attitude (during eclipses) are ignored for
simplicity of this preliminary analysis.

B. Results
Fig. 13 shows the visibility of the zenith-pointing and the
Sun-pointing modes, both using an 80 degree half-angle
antenna FOV. The STK Coverage tool provides us with the
GPS satellite visibility counts and DOP calculations for
each scenario. The DOP information for zenith-pointing
and Sun-pointing modes (80 degree half-angle FOV) over
a 24 hour period show dramatic differences (Fig. 14).

Along with the satellite and the antenna, the GPS constellation is also added to the model to allow for a coverage
analysis. Fig. 12 shows a snapshot of this simulation,
where the simulated MAXWELL orbit is seen in a green
color, very close to Earth. The image also shows the GPS
constellation in a side view and a top-down view.

Figure 12:

Figure 13: STK Simulation Coverage. Top:
Zenith-Pointing Antenna. Bottom: Sun-Pointing
Antenna.

STK Simulation Setup. Sub-Image:
Top-Down View.

After adding all the required components to the STK
Khatri
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Figure 14:

STK TDOP calculations. Top: Zenith-Pointing Antenna. Bottom: Sun-Pointing Antenna.
any significant differences in the data collected using the
different FOVs. A ground station antenna, located in Boulder, was also simulated to provide a ground comparison.
Fig. 15 shows the simulated bias information and the lab
experiment results (Subsection IV.A) overlayed to give an
ADEV comparison.

C. Analysis and Discussion
As expected, with a wide FOV zenith-pointing antenna,
the simulation presents continuous solutions and low
TDOP magnitudes (below 2) (Fig. 14). Whereas in the
Sun-pointing mode, the DOP values are much higher and
show periods of discontinuity because of insufficient GPS
satellite visibility. These results confirm that a zenithpointing configuration is preferable for the experiment.
We also used these results to approximate the estimated
bias to see the ADEV in the different modes.
The TDOP is useful in estimating the clock based on the
geometric GPS satellite positioning. Eq. 1 [6] shows how
to calculate the bias based on these TDOP values. Here
the error input, 𝜎, is approximated at one meter. The
parameter, c, is the speed of light, used to convert the
error from meters to seconds.

𝜎𝑏𝑖𝑎𝑠 =

𝑇 𝐷𝑂𝑃.𝜎
𝑐

(1)

The bias information calculated here can then be used
to calculate Allan Deviations. This ADEV information
was used to develop a comparison with the experimental
results that were recorded with the rooftop GPS antenna
drop (using internal clock, Rubidium and CSAC driving
the GPS receiver - Subsection IV.A). This method of
calculating the bias was used with the antenna placed
on the satellite in different pointing configurations. As
defined in Fig. 14, the satellite-mounted configurations
included a Sun-pointing antenna and a zenith-pointing
antenna. These configurations were simulated with 80
degree and 110 degree half angle cone FOVs, to observe
Khatri

Figure 15: ADEV Plots. (All straight lines
represent STK simulation information. The lines
with the symbols represent the experimental data.)
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The simulated ground antenna ADEV plot line is much
higher than the values experimentally recorded using the
GPS antenna drop. This means that our TDOP estimate is
likely too conservative and that there is a need for filtering
this information to make our predictions more accurate.
This need for filtering makes the pseudorange and phase
data information downlink even more valuable, because it
would allow for improved accuracy in the bias estimation.

the planned data is collected and downlinked. This data
will then be used to experimentally characterize the space
rated CSAC in its intended environment.

Despite this need for filtering, the Sun-pointing antenna configuration still provides an ADEV higher than
the zenith-pointing antenna configuration. The zenithpointing ADEV is also optimistic, because the missing
TDOP values (no satellite visibility) are ignored. This
means that the ADEV differences between the zenithpointing and Sun-pointing modes are even larger than they
appear. The different FOVs line up and do not vary the bias
predictions by a large amount. The lower ADEV of the
zenith-pointing configuration supports our earlier conclusion that this configuration is more suitable for the CSAC
experiment. The MAXWELL team is working on determining the feasibility of implementing a zenith-pointing
mode in the flight code.
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